Objective: This prospective study compared the topography of high-gamma modulation (HGM) during a story-listening task requiring negligible patient cooperation, with the conventional electrical stimulation mapping (ESM) using a picturenaming task, for presurgical language localization in pediatric drug-resistant epilepsy. Methods: Patients undergoing extraoperative monitoring with subdural electrodes were included. Electrocorticographic signals were recorded during quiet baseline and a story-listening task. The likelihood of 70-to 150-Hz power modulation during the listening task relative to the baseline was estimated for each electrode and plotted on a cortical surface model. Sensitivity, specificity, accuracy, and diagnostic odds ratio (DOR) were estimated compared to ESM, using a meta-analytic framework. Results: Nineteen patients (10 with left hemisphere electrodes) aged 4-19 years were analyzed. HGM during story listening was observed in bilateral posterior superior temporal, angular, supramarginal, and inferior frontal gyri, along with anatomically defined language association areas. Compared to either cognitive or both cognitive and orofacial sensorimotor interference with naming during ESM, left hemisphere HGM showed high specificity (0.82-0.84), good accuracy (0.66-0.70), and DOR of 2.23 and 3.24, respectively. HGM was a better classifier of ESM language sites in the left temporoparietal cortex compared to the frontal lobe. Incorporating visual naming with the story-listening task substantially improved the accuracy (0.80) and DOR (13.61) of HGM mapping, while the high specificity (0.85) was retained. In the right hemisphere, no ESM sites for aphasia were seen, and the results of HGM and ESM comparisons were not significant. Significance: HGM associated with story listening is a specific determinant of left hemisphere ESM language sites. It can be used for presurgical language mapping in children who cannot cooperate with conventional language tasks requiring In this prospective study, we compared the topography of HGM during a passive story-listening task requiring negligible patient cooperation, with the conventional ESMinduced naming dysfunction, for extraoperative language localization in childhood-onset DRE.
active engagement. Incorporation of additional language tasks, if feasible, can further improve the diagnostic accuracy of language localization with HGM.
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| INTRODUCTION
During the presurgical evaluation of patients with drugresistant epilepsy (DRE), it is often necessary to localize functional cortical areas to avoid postoperative impairment. The time-honored method for functional brain mapping involves electrical stimulation of electrodes and observation for behavioral response(s). There have been long-standing concerns about the safety, neurophysiologic validity, and application in children of this electrical stimulation mapping (ESM). A recent study including 122 patients showed ESM to be associated with after-discharges (ADs) in 77% and seizures in 35% of patients. 1 More importantly, the current thresholds for language function were higher than AD thresholds at all ages, which would require stimulation at currents higher than cortical excitability thresholds and increase the risk of ESM-induced seizures. 2 These considerations have encouraged development of an alternate method for functional brain mapping based on power changes time-locked to language tasks in electrocorticographic (ECoG) spectra. 3, 4 Specifically, modulation in the high-gamma frequency band, usually defined as ≥50 Hz, has been shown to correlate well with task-related neuronal firing rates and blood oxygen level-dependent (BOLD) responses. 5 While mapping with high-gamma modulation (HGM) potentially addresses concerns about electrical stimulation, the tasks most often used for language mapping with these modalities require sustained active patient engagement under rather challenging clinical conditions. 6, 7 In this prospective study, we compared the topography of HGM during a passive story-listening task requiring negligible patient cooperation, with the conventional ESMinduced naming dysfunction, for extraoperative language localization in childhood-onset DRE.
| MATERIALS AND METHODS

| Participants
All patients with intracranial electrodes implanted for presurgical evaluation since March 2012 were eligible for inclusion. Subdural electrodes consisting of 4.75-mm discs of a platinum-iridium alloy embedded in silicone elastomer, with 2.5-mm exposed contacts (Auragen; Integra Neurosciences, Plainsboro, NJ, USA), were implanted in these patients to record extraoperative ECoG. A 2-contact subdural strip facing the dura, away from the region of interest, served as reference and ground electrode. Clinical information and details of noninvasive (phase I) evaluation were obtained from the patients' records for study purposes. The study was approved by the institutional review board (IRB #2012-0791).
| Electrical stimulation mapping
Pairs of adjacent electrodes were stimulated using an OCS2 Ojemann cortical stimulator (Integra Life Sciences, Plainsboro, NJ, USA) with bipolar 50-Hz, 500-microsecond pulses in trains lasting 5 seconds. Stimulation current was increased from an initial 2 mA by 1-to 2-mA intervals until any of the 3 endpoints were reached: functional response, evolving ADs, or the instrument limit of 10 mA. In case of ADs, sometimes a repeat stimulation was attempted after decreasing the stimulus intensity by 25% and increasing the pulse duration to 1 millisecond, according to the dual-increment paradigm. 8 For the last 7 patients, a Nicolet cortical stimulator (Natus Medical, San Carlos, CA, USA) was used with an identical procedure, except the maximum current was 15 mA. The selection of electrode pairs, order of stimulation, and the end point were individualized for each patient by the clinical team. A picture-naming task was used for ESM, due to evidence for external validity, and the heuristic that salvaging cortical naming sites may protect against postoperative aphasia.
6 Before ESM, a trial run was performed to exclude
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• HGM during story listening localizes cortical language sites determined by ESM
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comparisons are significant in the left hemisphere, particularly in left temporoparietal cortex
• Incorporation of a visual naming task to story listening improves the diagnostic accuracy of HGM language mapping compared to ESM
• Our findings are relevant for language mapping in children who cannot comply with usual tasks requiring sustained active engagement pictures that the patient was unable to name. Because naming difficulty during ESM can result from interference with either cognitive or motor aspects of speech/language function, and the observed response could be due to severe dysarthria, orofacial sensorimotor interference with speech, aphasia, or (rarely) anamnestic anomia, we scored all such electrodes as ESM+ for language function, in accordance with our usual clinical practice. For the purposes of this study, electrodes ESM+ for language were classified as "sensorimotor" if there was visible orofacial muscle contraction and/or the patient reliably reported sensory phenomena involving face, oral cavity, or oropharynx interfering with speech during ESM, and "aphasia" if there was a naming inability in the absence of sensorimotor interference with speech; or semantic or phonemic paraphasic errors were noted.
| ECoG signal acquisition
A baseline of at least 5 minutes of ECoG signals was recorded in a quiet environment while the patient was awake, relaxed, and silent. Then, a series of 5 short stories, each with about 10 sentences, were played over a 0.2-to 2-kHz sound bar with 2.60-W (root mean square) audio power (Hewlett-Packard, Palo Alto, CA, USA) in 5-second intervals interrupted by 1.5 seconds of white noise (Table S1 ). The volume was adjusted to be pleasant to the individual patient. A total of 40 repetitions were acquired over 5 minutes. The stories were played at a constant speed, with the time intervals for stories and noise irrespective of the length of specific stories, resulting in 2 repetitions (98 sentences) for each patient.
ECoG was recorded for clinical purposes using an XLTek EMU128FS amplifier (Natus Medical), which included a breakout box to split signals without interrupting the clinical data collection. The split ECoG signals were amplified and digitized with a g.USBamp (g.TEC Medical Engineering, Schiedlberg, Austria) amplifier at 1.2 kHz. The onsets of story and noise intervals were input to the ECoG data stream as a digital pulse through a trigger box (g.TEC Medical Engineering) on a separate channel and recorded synchronously with the ECoG data.
| ECoG signal processing for HGM
ECoG was first evaluated for channels with excessive noise or artifact, which were removed and signals were re-referenced to a common average with notch filters at 60 and 120 Hz. An autoregressive Gaussian mixture model for power features in the 70-to 150-Hz band was first fitted to the baseline data, regarding each 2-Hz bin as an orthogonal feature. For each time point in the baseline data and for each electrode, the frequency-domain amplitude vector was input into a modified competitive expectation-maximization (CEM) algorithm. 9 The CEM algorithm assigned, in the C step, each sample to the most likely cluster. The M step maximized a likelihood function, which was redefined in each iteration by the E step. This produced a model consisting of a finite number of Gaussian distributions that approximated the statistical distribution of the features at each electrode in the baseline dataset. Each of these Gaussian distributions was characterized by a mean feature vector, a covariance matrix, and a prior probability. 9 In our implementation of the standard CEM algorithm, the number of distributions was automatically determined by choosing it such that the resulting model minimized the Akaike Information criterion. 10 Using this statistical model of the baseline, the likelihood that a new data point from the task space was produced by the baseline signal distribution was estimated. A multidimensional z score (Mahalanobis distance) was calculated between the task data point and each Gaussian distribution. Hence, these distances were normalized and could be compared across different electrodes. Using these distance measures during the listening task, the log-likelihood that the task block belonged to the baseline model for every electrode was computed. The data were processed in 500-millisecond blocks, and updated every 50 milliseconds. Scores were measured and accumulated using onset of the story segments as a trigger. The statistical significance of HGM at each electrode was determined by Student t test between the rest and task scores using a Bonferroni correction for the total number of channels in a given patient.
| Image processing and HGM coregistration
A computed tomographic scan (0.5-to 1-mm slice thickness) obtained after electrode implantation was coregistered with the preoperative T1-weighted volumetric (1-mm slice thickness) brain magnetic resonance imaging (MRI) for each patient with Curry 7 software (Neuroscan, Charlotte, NC, USA). Three-dimensional models of the segmented cortical surface with subdural electrode locations were exported into MATLAB format from Curry. Story listening-associated HGMs were then plotted on these models using the negative logarithm of the P values [Àlog 10 (P)] for the task-space and baseline comparison at each electrode. This metric varies directly with cortical activation, is additive, and is easy to interpret. All signal and image processing were implemented using custom-written codes in MATLAB and C++.
| Comparative analyses
Irrespective of the lobar location, electrodes were classified as ESM+ for language if ESM caused interference with naming, as described above. Electrodes that were stimulated without any speech/language dysfunction were scored as ESMÀ. Although electrodes are tested in pairs during ESM, each electrode was scored separately to allow comparison with HGM mapping, which was based on referential ECoG recordings. Any electrode that was common to 2 or more tested pairs, was regarded as ESM+ only when it showed speech/language dysfunction in at least 2 paired stimulations that included the electrode. However, if the electrode was tested only in a single pair, it was scored the same as the including pair, which is consistent with usual clinical practice. Electrodes were classified as HGMAE depending on statistically significant HGM during the listening task. Since each patient contributed multiple electrodes toward the analyses, and the electrodes could not be regarded as independent observations, we used a meta-analytic framework with patient as a random effect. 11, 12 Pooled estimates of sensitivity, specificity, and accuracy along with 95% confidence interval (CI) were calculated for validation of HGM against ESM. Pooled diagnostic odds ratio (DOR) was computed using the DerSimonian and Laird method. 13 Similar comparisons were also performed separately with only electrodes that showed aphasia (and not sensorimotor speech interference) during ESM scored as ESM+. A Mantel-Haenszel chi-square test was performed for the null hypothesis that the overall DOR is 1. R version 3.4.1 was used for statistical analyses.
| RESULTS
During the study period, 20 patients were eligible for inclusion, with only 1 being excluded from the analysis due to technical issues with the recorded ECoG signals. Nineteen patients (10 females) ranging in age from 4 to 19 years (mean = 11.2 AE 4.4) were analyzed. The age of onset of seizures varied from 3 months to 13 years (mean = 6.1 AE 4.5). Preoperative brain MRI was normal or noninformative for surgical planning in 6 patients, whereas others showed malformations of cortical development (n = 4), tumors (n = 3), dual pathology (cortical dysplasia with hippocampal sclerosis, n = 2), perinatal brain injury (n = 2), and tuberous sclerosis complex (n = 2). The full-scale intelligence quotient could be obtained in 16 patients and varied from 41 to 119 (mean = 78.5 AE 21.5). Although a formal score could not be obtained in another patient, severe intellectual disability was diagnosed. One of the patients was ambidextrous, 2 were left-handed, and all others (n = 16) were righthanded. Using a verb generation paradigm on functional MRI (fMRI), the language function was left-lateralized in 9 patients, while there was frontal-temporal discrepancy in 4 patients (data not analyzed further in this article). fMRI for language lateralization was not obtained in 6 patients. All patients were native English speakers.
| Topography of HGM associated with story-listening task
In patients with left hemisphere electrodes, HGM during story listening was consistently observed in posterior and middle thirds of superior temporal gyrus (STG), angular gyrus, and supramarginal gyrus (Figure 1 ). Functional activation was also sometimes seen in adjacent cortices including posterior middle temporal gyrus, and temporoparietooccipital (TPO) junction (Figure 2 ). Significant HGM during story listening was also seen frequently in the left inferior frontal gyrus (IFG). Only 1 of the patients with leftsided electrodes (#L5) did not show any listening-associated HGM in STG, angular gyrus, or supramarginal gyrus. She was a 12-year-old female with dual pathology including hippocampal sclerosis and type 1B cortical dysplasia involving Wernicke's area and the surrounding cortex. Interestingly, she showed listening-associated HGM in IFG. In patients with right-sided electrodes, HGM was seen involving right IFG, STG, angular gyrus, and supramarginal gyrus.
| Left hemisphere comparisons
When either aphasia or sensorimotor speech/language dysfunction was used to classify electrodes as ESM+, story listening-associated HGM showed high specificity (0.84, 95% CI = 0.81-0.87), good accuracy (0.66, 95% CI = 0.61-0.70), but poor sensitivity (0.26, 95% CI = 0.19-0.33), with a pooled DOR of 2.23 (95% CI = 1.15-4.35) in patients with left hemisphere electrodes (P = .04, Table 1 ). When only aphasia, instead of sensorimotor interference with naming, was used to classify electrodes during ESM, similar results were seen, with 0.82 (95% CI = 0.79-0.86) specificity, 0.70 (95% CI = 0.65-0.75) accuracy, 0.31 (95% CI = 0.21-0.41) sensitivity, and 3.24 (95% CI = 1.48-7.08) DOR (P = .03).
Since 9 of 10 patients showed HGM in Wernicke's area (posterior third of STG) and surrounding cortex during story listening, we performed a subgroup analysis according to the lobar location of electrodes (Table 2) . HGM was found to have good specificity (0.79, 95% CI = 0.75-0.83), accuracy (0.69, 95% CI = 0.62-0.75), and DOR (2.75, 95% CI = 1.17-6.48), with fair sensitivity (0.37, 95% CI = 0.25-0.50), for detection of ESM language sites in the temporoparietal cortex (P = .033). However, HGM was not a significant classifier of ESM language sites in the frontal lobe (P = .177). 
| HGM associated with visual naming and listening
For all patients with left hemisphere electrodes included in this study, we also recorded HGM during a visual naming task, whose details and results were published earlier. 7 We performed a post hoc analysis by scoring electrodes as HGM+ if they showed significant HGM with either the naming or listening task. On comparing such electrodes with either aphasic or sensorimotor naming dysfunction during ESM, the specificity was similar (0.85, 95% CI = 0.81-0.88), but the sensitivity (0.69, 95% CI = 0.62-0.76), accuracy (0.80, 95% CI = 0.75-0.84), and DOR (13.61, 95% CI = 6.99-26.47) improved substantially (P < .0001, Table 3 ). The topography of HGM associated with naming and listening tasks was often complimentary and partially overlapping (Figure 3 ).
| Right hemisphere comparisons
None of the patients with right hemisphere electrodes had right lateralized language on fMRI. Also, none of these patients had ESM-induced aphasia, so the ESM+ electrodes represent only those with orofacial sensorimotor interference with speech. Although HGM-ESM comparisons showed good specificity (0.89, 95% CI = 0.88-0.91) and accuracy (0.79, 95% CI = 0.77-0.82) with very poor sensitivity (0.07, 95% CI = 0.01-0.22), the results were not statistically significant (P = .54, Table S2 ).
| DISCUSSION
This study shows the feasibility of presurgical language mapping in children using HGM associated with a storylistening task, which required virtually no active patient engagement. This can be potentially useful in children unable to comply with other conventional language tasks commonly used for functional mapping. These tasks, including picture naming and auditory description naming, require sustained attention and behavioral regulation that may not be feasible in some children due to either developmental limitations or clinical circumstances. Compared to either cognitive or both cognitive and sensorimotor interference with naming during ESM, listening-associated HGM was a good classifier of cortical language sites determined by ESM, which is still the clinical gold standard. This was true in the left hemisphere, and particularly in Wernicke's area and adjacent language association cortex (Tables 1, 2 ). The odds of left hemisphere electrodes being classified as ESM+ for language were 2.23 to 3.24 times higher if they showed HGM during the story-listening task. Given the high specificity (0.82-0.84) of HGM, it can reliably identify cortical sites likely to be ESMÀ for language (true negatives). However, the low sensitivity (0.26-0.31) requires that the HGM+ sites be confirmed by ESM, particularly when they are within the planned resection. Such a strategy of HGM-guided ESM can help prioritize electrodes that absolutely need to be electrically stimulated, potentially improving the safety of ESM and reducing the time needed for active patient participation. In addition to Wernicke's area and the neighboring cortex, story listening-associated HGM also localized to IFG (Figures 1 and 2 ). These findings are consistent with recent observations in small numbers of adults with left-sided subdural electrodes. In 3 patients, aged 25-34 years, increased high-gamma (70-170 Hz) activity was seen in IFG, STG, and perisylvian areas during a story-listening task. The IFG sites were either on or adjacent to ESM+ language sites. 14 Another 9 patients (15-45 years old), with 7 having leftlateralized language on fMRI and Wada test (2 not tested), listened to an audio fragment with alternating speech and music. 15 Increased ECoG power in the 65-to 95-Hz band was found to have high specificity but low sensitivity compared to ESM, similar to our study. In a series of 5 brain tumor patients, intraoperative mapping during conscious craniotomy was performed by listening passively to "linguistic" sounds. 16 This study reported specificity comparable to ours, but higher sensitivity for 80-to 140-Hz HGM. However, in this study ECoG was recorded only from anatomically defined receptive language area and a confirmatory ESM was performed only for electrodes showing HGM. ESM in this study interestingly allowed corticocortical evoked potentials to be recorded from IFG. In our study, DOR (13.61) and accuracy (0.80) of HGM language mapping further improved substantially by incorporating the visual naming task in addition to story listening (Table 3) . This was likely due to the complimentary topography of HGM observed during story listening versus naming task (Figure 3 ). These observations have important clinical implications. Because ESM is performed sequentially at electrode pairs, often with several trials of increasing current strength at each pair, it usually requires 1 or more sessions lasting several hours. Comparatively, HGM-based method required only 5 minutes for each task and recorded from all electrodes simultaneously. Also, HGM mapping does not involve the risks of ESM-induced ADs and seizures. Occurrence of ADs during ESM compromise the validity of the functional localization, and ESM-induced seizures can even preclude successful completion of mapping. 1 In children unable to cooperate with conventional language tasks, story listening-associated HGM can provide useful data to the neurosurgeon. If the child can participate in a naming task even for a brief duration, HGM can further help classify electrodes before confirmatory ESM. HGM during story listening localized predominantly to bilateral posterior STG, with activation also noted in adjacent language association cortex (Figures 1 and 2 ). This provides neurophysiologic support to the dual stream models of language processing proposed on the basis of functional imaging and lesion studies. 17, 18 These models envision a dorsal phonological-articulatory stream between posterior STG and IFG, and a ventral semantic-syntactic stream including temporal pole, basal temporal area, and TPO junction. Our findings are consistent with this framework and specifically support the Hickok-Poeppel model of bilateral processing of speech perception. 19 Because subdural electrodes were implanted only in either hemisphere, our study was not designed to separate purported left and right hemisphere functions in individual patients. At the group level, however, our findings are consistent with the observations about specialized speech recognition pathways in both hemispheres, with the representational (nondominant) hemisphere probably being crucial for processing prosodic features like emotional tone, whereas the categorical (dominant) hemisphere processes the verbal content of the speech. 20, 21 HGM in left IFG during a listening task was interesting, and consistent with a report of language comprehension deficits in response to complex auditory instructions, in 3 patients during electrical stimulation of Broca's area. 22 HGM associated with story listening in bilateral posterior STG and left IFG also agrees with fMRI studies of story listening in healthy children over the course of development. 23, 24 Although our study was not designed to compare fMRI language localization with HGM, we used fMRI lateralization to describe our sample. In our clinical practice, verb generation-related BOLD response thresholds were scaled individually for each patient to determine lateralization indices. Also, because different language tasks may result in variable fMRI language lateralization, we did not incorporate fMRI data into comparative analyses. 25, 26 Although this remains a limitation of our study, attempts are underway to include fMRI and diffusion data along with neurophysiology to develop optimal prediction models for language localization. Similar to other studies comparing HGM and ESM, the limitations of this study arise from differences in the neurophysiology of these modalities, and the concerns regarding ESM representing the ground truth for functional localization. 12 We observed task-related augmentation in gamma power, although the direction of HGM was not prespecified in our signal processing, being statistically more conservative. 27 Hence, although HGM likely reflects increased neuronal firing with possible synchronization in response to a cognitive task, the mechanism of speech/language dysfunction during ESM is poorly understood. network with preferential connectivity to the stimulated site. 1, 30 This is a probable explanation for the distributed topography of HGM compared to ESM language sites (Figures 2 and 3) . The value of this study is that it demonstrates the feasibility of presurgical language mapping using a passive story-listening task that can be performed in children who cannot otherwise cooperate with conventional language tasks requiring sustained active engagement. Secondly, the incorporation of additional language tasks in a modular fashion can further improve the accuracy of language localization with HGM. 7, 31 This study contributes toward the emerging evidence for clinical utility of HGM mapping, which is time efficient and avoids the risks of ESMinduced ADs and seizures. Future efforts in this field should be directed toward validation of HGM against longterm postoperative language outcomes in samples large enough to accommodate the effects of age and epilepsy phenotype. 
